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Abstract.  A high degree of cross-correlation of radiation wavefront 
aberrations, measured from a point reference source and from an 
extended object (a system of several luminous points), has been for 
the first time revealed based on simultaneous measurements of 
phase fluctuations in optical waves propagating in a turbulent 
atmosphere. The experimental data are consistent with analytical 
calculations. The high degree of cross-correlation (above 0.97) of 
measured phase fluctuations proves that an extended incoherent 
source can be used as a reference source to ensure the operation of 
an adaptive focusing system.

Keywords: atmosphere, turbulence, correlation wavefront sensor, 
extended source.

1. Introduction 

Some practical applications are known to be related to the 
problem of light propagation through an atmosphere; in this 
case, the atmospheric turbulence and other factors become a 
serious obstacle for implementing ultimate characteristics 
and possibilities of optoelectronic systems. Application of 
adaptive optics (AO) methods makes it possible to signifi-
cantly reduce these limitations [1 – 5]. However, the use of AO 
systems calls generally for an additional source, providing 
measurements of phase distortions in the radiation propaga-
tion channel. This source (referred to as reference) is one of 
the most important elements of the AO system; it can be 
designed by different methods. In particular, one can use to 
this end a natural radiation source; an intentionally formed 
source; the radiation backscattered from an object; and, 
finally, the radiation backscattered (or re-emitted) from 
atmospheric inhomogeneities [5 – 7]. For example, to solve 
some problems of astronomy and atmospheric vision systems, 
a number of studies were devoted to the use of the technique 
of laser reference stars for image correction [8 – 10]. 

Along with the image correction problems, an important 
problem of optics is to focus coherent light propagating 
through atmosphere. This objective arises when energy must 
be delivered to a sufficiently distant object using a laser beam. 
As different researchers believe, from the point of view of the 
wave theory of forming light in randomly inhomogeneous 

media [11], the reference source optimal for focusing coherent 
light is a point source, i.e., a reference spherical wave [10, 12]. 
This point source can easily be introduced in theory; however, 
its practical application may meet some difficulties. In par-
ticular, this source has a small size and carries generally a 
small amount of energy, which hinders the wavefront sensor 
operation. Another problem related with a point source is the 
necessity of selecting a useful signal from the environmental 
background. 

2. Analytical calculations 

Even in the end of the 1980s, an idea arose to find some ana-
logue of spherical wave. Previously, the possibility of using a 
finite-size object as a reference radiation source was analysed 
in a number of studies [10, 12 – 18] (by applying the Huygens –
Fresnel generalised principle [11]). The reference was consid-
ered to be the radiation reflected from the object onto which 
coherent laser radiation is focused [6, 7, 14 – 16] or the radiation 
reflected from atmospheric inhomogeneities [10, 17, 18]. 

In this context, we analysed the previous experimental 
studies [19 – 21] and theoretical calculations [14 – 16, 22]. In 
particular, it was shown in those studies that, when perform-
ing an analytical analysis, the imaging of an incoherent object 
under turbulent atmospheric conditions can be replaced with 
the formation of an incoherent singular radiation beam 
(based on the application of the generalised Ehrenfest theo-
rem [22]). This incoherent singular beam with an effective 
radius b, whose coherence function has the form of d func-
tion, can be presented as the sum of several elementary beams 
propagating from the initial plane. Because of the strong dif-
fraction divergence of the elementary beam, a region of its 
strong diffraction (but weak turbulent) broadening is formed. 
Due to the strong diffraction divergence, the size of the ele-
mentary beam at the end of atmospheric path becomes much 
larger than its size at the beginning of the path. As was shown 
in [16, 22, 23], the dispersion of random displacement of the 
image of this incoherent beam on an inhomogeneous path in 
a turbulent atmosphere, image

2s , measured on a receiving aper-
ture of the effective radius d, is given by the formula 
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where x is the current coordinate on the propagation path, 
Cn
2 (x) is a function describing the evolution of the refractive 

index structure parameter along the propagation path, X is 
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the atmospheric path length, b is the size of incoherent radia-
tion source, d is the detector size (radius), and f is the effective 
focus of the receiving system. 

For a homogeneous atmospheric path, when Cn
2 (x) is con-

stant, we arrive, with allowance for (1), at the expression: 
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An analysis of (2) shows that, for an incoherent beam of small 
size (with a size b smaller than the detector radius d ), the dis-
placements of the beam image and spherical wave coincide; in 
this case,

f C Xd2
3 /

image n
2 2 2 1 3s = - ,   b < d.	 (3)

For an incoherent beam of large sizes (b > d ), the dispersion 
of the jitter of incoherent source image ceases to depend on 
the detector radius and is determined by only the incoherent-
source size b: 

f C Xb8
27 /

image n
2 2 2 1 3s = - ,   b > d. 	 (4)

If we consider a vertical atmospheric path with an object 
located far beyond the atmosphere; introduce an angular size 
of radiation source, Qb = b/X; and let the path length tend to 
infinity (X ® ¥), expression (1) can be written as
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Formula (5) shows that, in the case of extended inhomoge-
neous atmospheric paths (e.g., when studying the entire stra-
tum atmosphere), the estimation of the ratio of the detector 
size d and the angular size of the radiation source, Qb, calls for 
information about the integral optical thickness of atmo-
sphere [11]. This value can be calculated using the function 
Cn
2 (x), which describes the evolution of the refractive index 

structure parameter for a turbulent atmosphere along the 
propagation path, according to the formula 
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For a homogeneous atmospheric path, Heff is equal to the 
path length.

Thus, theoretical studies [13 – 16] showed that the image 
jitter for an extended incoherent object is described practi-
cally in the same way as the jitter for a spherical wave (i.e., a 
point source whose position is determined by the image cen-
troid). The final conclusions about the validity of formulae 
(1), (2), and (5) were drawn in [22, 23]. Undoubtedly, those 
conclusions called for experimental confirmation. 

At the same time, the number of experiments performed 
in atmosphere is still limited. The results of experiments car-
ried out on a horizontal atmospheric path and on a vertical 
path were reported in [19 – 21] and [22 – 26], respectively. 

3. Experimental setup 

Until now, there are barely any data in the literature concern-
ing direct experiments aimed at comparing the results of 
simultaneous measurements of phase fluctuations for point 

and extended radiation sources. The main purpose of this 
work was to carry out such natural experiment. 

The main principles of designing a wavefront sensor mak-
ing it possible to work with an extended object image were 
reported in [27, 28]. Currently, these sensors (referred to as 
correlation wavefront sensors), are widely used to study 
images of extended objects, in particular, when designing AO 
systems for solar telescopes [29 – 31]. We have developed a 
series of these sensors for application in solar telescopes 
[25,  30]. The high-tech Shack – Hartmann wavefront sensor 
used in this experiment provided simultaneous measurements 
of wavefront phase fluctuations for both an extended source 
and a point reference source. 

The extended source was an array of point sources based 
on laser diodes. This model of incoherent extended source 
approximately corresponds to the practical case where an 
object is exposed to solar light and its individual elements 
have different reflection properties. Under weak illumination 
conditions, this extended object is observed as an array of 
luminous points. The optical system is designed so that indi-
vidual luminous elements of extended incoherent source 
object are not resolved but each object element can be seen 
separately. 

A schematic of the experimental setup is shown in Fig. 1a. 
The point coherent source was designed based on an LCS-
DTL-317 laser with a wavelength of 0.532 mm and a coher-
ence length above 50 m. The beam diameter at the laser out-
put was 0.27 mm, and the divergence was 2.3 mrad, which 
provided a beam size of 23 cm at the end of the extended 
atmospheric path. The incoherent extended light source was 
formed using several luminous point objects, formed by laser 
modules KLM-B532-5-5 with a multimode optical fibre 
0.4 mm in diameter. The radiation from laser modules was 
supplied through optical fibres to holes in a metal disk 12 mm 
in diameter. As a result, the extended incoherent object repre-
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Figure 1.  (a) Schematic of the experimental setup and (b) the pattern of 
focal spots recorded with a Shack – Hartmann sensor:	
( 1 ) coherent radiation source (laser LCS-DTL-317 with a wavelength 
of 0.532 mm); ( 2 ) laser modules KLM-B532-5-5 (radiation wavelength 
0.532 mm); ( 3 ) multi-mode optical fibres (0.4 mm in diameter); ( 4 ) 
round disk with holes fixing the positions of all radiation sources; ( 5 ) 
atmospheric path; ( 6 – 11) elements of Shack – Hartmann wavefront 
sensor [( 6, 8 ) collimator objective and eyepiece, respectively; ( 7 ) field 
diaphragm; ( 9 ) Shack – Hartmann diffraction raster; ( 10 ) video camera 
Prosilica; ( 11 ) computer]. 
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sented a system of several luminous points, which could be reli-
ably reproduced separately (resolved) by the telescope optical 
system when carrying out observation through a turbulent 
medium. Measurements were performed for different config-
urations of holes on the disk surface, i.e., for different systems 
of luminous points [32]. Different numbers of luminous points 
(specifically, 2 or 4), arranged differently, were used. 

Coherent laser radiation was extracted into atmosphere 
through the central hole in the disk. The Fresnel parameters 
of the coherent laser source and the system of luminous object 
points were, respectively, 0.002 and 0.0102. Control of the 
output radiation power of laser modules made it possible to 
choose the necessary brightness of luminous points in order 
to provide identical conditions for recording images of coher-
ent and incoherent sources. Experiments were performed on a 
110-m-long horizontal atmospheric path. Figure 1b shows a 
photograph of the focal spot pattern (Hartmann pattern) 
obtained using simultaneously a coherent source (the spot at 
the centre) and radiation from the laser modules (four focal 
spots at the periphery). 

The phase-fluctuation meter used in our experiments was 
a Shack – Hartmann wavefront sensor with the following 
parameters: 

The Hartmann pattern was recorded using a video camera 
Prosilica GE680 (640 ´ 640 pixels, pixel size 7.4 mm). When 
recording the image displacement, the pixel angular scale 
reduced to the entrance pupil was 0.67''. Applying quadratic 
interpolation when determining the position of the correla-
tion function peak, one can measure image displacements 
accurate to few tenths of a pixel. The diameter of the wave-
front sensor entrance aperture is 9.86 cm, and the subaperture 
diameter is 2.2 cm (the entrance subaperture Fresnel param-
eter is 6.9). 

The video camera frame frequency was 77 – 87 frames per 
second, the exposure time of one frame ranged from 130 to 
250 ms, the number of recorded frames within one realisation 
was 5000, and the realisation duration was about 57 – 65 s. 

The data obtained with a wavefront sensor were used to 
reconstruct phase expansions over Zernike polynomials [33]; 
this reconstruction was performed synchronously for both a 
point coherent source and for an extended source formed by 
several point sources spaced in the transmitter plane. Based 
on the phase fluctuations, the Fried length for plane and spher-
ical waves was calculated for each experiment. Then the cross-
correlation function was calculated for the first mode compo-
nent with phase-fluctuation expansion numbers of 1 – 9 [33]. 

4. Results of measurements in atmosphere 

As was said above, the conditions on the atmospheric path 
were found by measuring the Fried parameter [11]. Different 
turbulence levels were fixed on the path during measure-

ments. This circumstance allowed us to perform measure-
ments under different conditions. The following values of the 
Fried parameter r0 for plane waves were recorded: 32.7, 16.3, 
and 14.2 mm. This sequence is characteristic of growing tur-
bulence.  

In addition, the form of incoherent illuminating object was 
changed: both an object composed of four luminous sources 
(forming a square) and a pair of two luminous points were 
used. The cross-correlation of phase distortions between two 
incoherent point sources and the correlation between individ-
ual sources and their aggregation were investigated in the latter 
case. Several tens of experiments were performed in total. 

The phase distortions of the wavefronts of coherent and 
extended incoherent sources were measured at the entrance 
aperture of the optical system (see Fig. 1). The measured 
phase front was expanded over Zernike polynomials accord-
ing to [33], and the cross-correlation between the phase-fluc-
tuation polynomials with numbers of 1 – 9, including the 
first-order polynomials and third-order polynomials with 
numbers of 6 – 9, were calculated. Figure 2 shows the values 
of the cross-correlation coefficient for the mode components 
of phase fluctuations, which were measured using both a 
point reference source and an extended object consisting of 
four luminous points; the Fried lengths calculated from 
measurements are also presented. The correlation coeffi-
cients for the most important phase components were anal-
ysed in the experiment. Synchronous phase measurements 
of the first Zernike polynomials (these are two slopes, three 
defocusing components, and four coma components) dem-
onstrate a high degree of cross-correlation for both the 
extended object and point source. The experimentally found 
high degree of correlation for the first modes of phase-fluc-
tuation expansion is indeed important, because specifically 
the first modes carry the main part of the energy of fluctua-
tions, and their high correlation with the fluctuations mea-
sured using a point source indicates that measurements of 
the extended-source image jitter may yield a correct signal 
with a high correction level. 

In particular, it was found that even an object composed 
of only two spaced incoherent luminous points models fairly 
correctly the behaviour of an extended incoherent object and 
can be used to imitate a point reference source.
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Figure 2.  Cross-correlation coefficient for the first nine modes in the 
expansion of wavefront phase fluctuations over Zernike polynomials 
for laser radiation and for incoherent object radiation at different tur-
bulence levels; ( 1 ) the Fried lengths for plane and spherical waves are, 
respectively, 32.70 and 59.00 mm; ( 2 ) the Fried lengths for plane and 
spherical waves are, respectively, 14.20 and 25.60 mm.
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The high degree of cross-correlation (above 0.97) obtained 
in the experiment proves that an object unresolved by a tele-
scope (i.e., considered as a point) and an extended incoherent 
source can equally efficiently be used as a reference source to 
provide operation of an adaptive focusing system. The above-
described experiments can serve a basis for developing draft 
proposals for designing a long-range vision correction sys-
tem. However, the practical implementation of such a system 
with the aid of a reference source signal should give rise, e.g., 
to manifestation of backscattering enhancement [34, 35]. In 
addition, an important factor is the presence of small scatter-
ers (aerosols, solid and liquid precipitates) on an open atmo-
spheric path; due to this, when observing an object through a 
real aerosol medium [36], only a rather large object can be 
‘seen’ sufficiently clearly to use its image in a correlation 
wavefront sensor [27, 28]. Therefore, under conditions of 
strong aerosol scattering, it is rather problematic to provide a 
high accuracy of phase measurements.
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